INTRODUCTION
We have been preparing the mouse full-length cDNA encyclopedia (1, 2) by selecting new cDNA clones by onepass sequencing of full-length enriched cDNA libraries prepared with the captrapper strategy (3, 4) . To increase gene discovery, we have normalized and subtracted cDNAs before cloning by hybridizing biotinylated RNA/mRNAs to single-stranded cap-selected cDNAs (4) . This method allowed for the removal of highly expressed mRNAs and cDNAs deriving from genes that had already been found. However, this method can only be used for relatively large tissues because it requires a relatively high quantity of mRNA (1) . There are no methods to normalize and subtract full-length cDNAs deriving from tissues that are difficult to collect, such as preimplantation embryos, stem cells, or microdissected tissues, from which only a reduced quantity of RNA can be extracted. The methods developed by Bonaldo et al. (5) require plasmid libraries amplification, by which short inserts are preferentially amplified and therefore unsuitable for long-insert fulllength cDNA libraries. To overcome such problems, we used the properties of our λ FLC vector family (6) , which allows for unbiased amplification and excision into plasmid cDNA libraries that retain the original mRNA size (2.5-3.0 kb). We have previously demonstrated that after solid-phase phage library amplification, the discovery of rare or new genes and library diversity improved (6) . After unbiased bulk excision, plasmid libraries are used to produce single-stranded DNA (ssDNA), which is subjected to subtraction, followed by second-strand synthesis and electroporation into bacterial cells. This novel strategy allowed us to prepare, for the first time, full-length, large subtracted cDNA libraries from small microdissected tissues that were used for the mouse cDNA encyclopedia.
MATERIALS AND METHODS

Construction of the Primary cDNA Library
RNA was extracted from microdissected neocortex in 18-, 24-, 28-, and 50-day mice, respectively, and four kinds of cDNA libraries (P18, P24, P28, and P50) were constructed as previously described (3, 4, 6) from 50 µg each total RNA. Cap-trapper-selected, full-length first-strand cDNA was prepared with 1st BG primer (3, 4) and ligated to a second linker by the singlestrand linker ligation method (7). Second-strand cDNA was then synthesized and digested with BamHI/XhoI, and cDNA was ligated to the λ FLC-I vector (6) . After packaging (MaxPlax; EPICENTRE, Madison, WI, USA), cDNA libraries were amplified as previously described (8) in C600 cells on a semisolid phase (LB-agar plates supplemented with 10 Mm MgSO 4 ) at 50,000 plaques per 13-cm diameter dish. These controlled amplification conditions avoid competition among phage particles and reduce bias (6) .
Tester Preparation
Phage particles (from 5.0 to 6.7 × 10 10 ) from P18, P24, P28, and P50 libraries were infected in 10 mL BNN132 grown overnight (A 600 = 0.5) in 20 mM MgSO 4 and then cultured in LB medium at 30°C for 1 h. The plasmids were extracted with a Wizard ® Plus Midipreps DNA Purification System (Promega, Madison, WI, USA). To remove Escherichia coli genome contamination, the plasmid was treated with 3 U Plasmid-Safe ATPDependent DNase (EPICENTRE) per microgram of DNA at 37°C for 1 h in the presence of 1 mM ATP. The sample was purified with 20 µg proteinase K in 100 µL reaction mixture that contained 0.2% sodium dodecyl sulfate (SDS) and 10 mM EDTA at 45°C for 15 min, extracted using phenol/chloroform and chloroform, and precipitated with isopropanol. The double-stranded plasmid DNA was converted to a single-stranded plasmid by the combined action of the GeneII-ExoIII enzymes from the GeneTrapper ® cDNA Positive Selection System (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions (Figure 1) . A site-specific endonuclease, GeneII binds to the f1 origin in phagemid vectors and nicks specifically one of the strands of the supercoiled DNA. The nicked strand is then digested with ExoIII to generate single-stranded circles. Five micrograms of double-stranded plasmid DNA were nicked with 1 µL GeneII at 30°C for 1 h in 20 µL 1× GeneII buffer. After the heat-inactivation of GeneII at 65°C for 5 min, 1 µL reaction mixture was transferred for the agarose gel analysis. The remainder was chilled on ice, and after the addition of 2 µL ExoIII, incubated at 37°C for 1 h. After digestion with GeneII or GeneII-Exo-III, undigested double-stranded plasmid DNA was electrophoresed with 1 µL each of the digested samples in a 0.8% agarose gel to confirm that the double-stranded DNA (dsDNA) was converted to ssDNA. After digestion with 20 µg proteinase K in 100 µL reaction mixture and extraction with phenol/chloroform then chloroform as described earlier, single-stranded plasmid was ethanol-precipitated and used as the tester.
Driver Preparation
The driver DNA was generated by PCR with the λ DNA from the library (Figure 1 ). The λ DNA was extracted as previously described (9) . PCR amplification was performed with 25 ng λ DNA as template and 2.5 pmol each primer. The primers used for PCR were 1stBG-T3 (5′-CTCTCTCAAT-TAACCCTCACTAAAGGGAGA-CCTTCTGGAGAGT 16 -3′) and 19 linker-T7 (5′-TTTTTTTTAATACG-ACTCACTATAGGGAGAAGGT-GACACTATAGAACCA-3′). PCR was carried out using 2.5 U LA Taq polymerase (Takara, Tokyo, Japan) in 1× GC Buffer I (Takara) and 0.4 mM dNTPs in a volume of 100 µL. The cycling conditions were 94°C for 3 min, 70°C for 5 min (addition of hot start polymerase), 94°C for 45 s, 55°C for 1 min, and 25 cycles of 68°C for 5 min and 65°C for 2 min. PCR-amplified fragments were verified by agarose gel electrophoresis. PCR products were then purified by proteinase K treatment and extracted with phenol/chloroform and chloroform, and the primers were removed with the diatomaceous earth DNA extraction of dsDNA (10) . To prepare an antisense single-stranded driver, linear amplification was performed with 2.5 pmol 1stBG-T3 primers and up to 1.5 µg amplified products as a template. PCR was carried out using 2.5 U LA Taq polymerase in 1× GC Buffer I and 0.4 mM dNTPs. The cycling conditions were 94°C for 3 min, 70°C for 5 min (addition of hot start polymerase), 94°C for 45 s, 55°C for 1 min, and 5 cycles of 68°C for 5 min and 65°C for 2 min. After purification with proteinase K and phenol/chloroform extraction, the PCR products were ethanol-precipitated with 1/4 volume of 10 M ammonium acetate, dissolved in water, and used as a driver.
Hybridization
A total amount of 10 (20-fold excess: low ratio) or 50 µg (100-fold excess: high ratio) of linear amplification products (driver) from each library (Table 1) were mixed with 1.5 of 5′ blocking oligonucleotide 19linker-T7 (5′-TTTTTTTTAATACGACTCAC-TATAG G G AG A AG G T G AC AC -TATAGAACCA-3′) and 1.5 µg of 3′ blocking oligonucleotide BlockBGT3GA
These oligonucleotides were used to block the portion of 5′ and 3′ PCR primer used for the driver preparation. The mixture was ethanol-precipitated, dissolved in 4.5 µL hybridization buffer (50% deionized formamide, 25 mM HEPES, pH 7.5, 5 mM EDTA), and heated at 80°C for 3 min. Single-stranded plasmid (tester; 0.5 µg) was dissolved with 4.5 µL heat-denatured driver mixture. An aliquot (0.45 µL) was transferred to another tube, kept in a freezer at -20°C during hybridization, and used as a control. One microliter of 5 M NaCl was then added to the driver/tester mixture, and the hybridization was performed at 4°C for 8 h (Cot 75, low ratio; Cot 200, high ratio). The Cot value was calculated as described by Anderson et al. (11) .
Capture of Single-Stranded DNA by Hydroxyapatite Treatment
Calibrated batches of Hydroxyapatite DNA Grade Bio-Gel ® HTP Gel (HAP; Bio-Rad Laboratories, Hercules, CA, USA) were kept rigorously desiccated in a dry space, hydrated just before use with 0.12 M NaPi buffer (0.12 M sodium phosphate buffer, pH 6.8, 1 mM EDTA, 1% SDS), and boiled for 30 min. One milliliter of hydrated HAP (500 µL bed vol; 0.2 g HAP) was transferred to a 2-mL tube and centrifuged for 10 s at 15,000× g, followed by the removal of the supernatant. The hybridized sample library was diluted with 500 µL HAP buffer, incubated at 65°C, and added to the HAP, mixed vigorously, and rotated at 60°C for 30 min. After centrifugation for 10 s at 15,000× g, the supernatant containing ssDNA was recovered in a new tube. The HAP was washed twice with 500 µL HAP buffer, rotating at 60°C for 30 min, and the supernatants were mixed with the recovered single-stranded samples. In recent experiments, we performed two rounds of HAP treatment, and dsDNA hybrids were completely subtracted. The HAPtreated sample was extracted with phenol/chloroform and then chloroform and purified by cetyltrimethylammonium bromide (CTAB) precipitation. A final 0.1% concentration of CTAB was added to the sample. After 1 h of incubation at room temperature, the sample was centrifuged at 15,000× g for 15 min, and the supernatant was removed and washed with 0.1% CTAB. The pellet was resuspended in 150 µL 7 M GuHCl, and 375 µL ethanol were then added and precipitated. To remove any possible contaminating doublestranded plasmid DNA, the recovered sample was digested with 15 U PvuII in 100 µL 1× M Buffer (Nippon Gene, Tokyo, Japan), pH 7.5, for 2 h at 37°C and treated with 65 U ExoIII for 30 min at 37°C. The subtracted sample was treated with 1 µL 20 mg/mL proteinase K in the presence of 0.2% SDS and 10 mM EDTA at 45°C for 15 min, extracted with phenol/chloroform and then chloroform, and ethanol-precipitated. The pellet was dissolved in 15.75 µL water.
Second-Strand Synthesis
To prepare the second-strand reaction, we mixed the subtracted singlestranded plasmid with 6 µL 100 ng/µL reverse primer (5′-TAACAATTTCA-CACAGGAAACA-3′), 30 µL MasterAmp Extra-Long PCR 2× PreMix 2 (EPICENTRE), and 6 µL 5 mM 
Sequence Analysis
About 20,000 clones from each subtracted library (K2, K3, K4, and K5) were sequenced. The cDNA sequencing, sequence analysis, and clustering were performed as previously described (1,12,13). The novelty rate was calculated by comparing our sequences to the nonredundant nucleotide sequences [except for expressed sequence tags (ESTs)] that were updated on Jan. 14, 2003. The full-length rate was calculated as previously described (14) , which essentially consists of aligning the ESTs produced from K2-K5 libraries to known mRNA from public databases that are annotated as mouse and complete coding sequences. To confirm the subtraction efficiency, we randomized in silico the library of origin of sequence data (15) and compared it with the experimental data. If the libraries are the same, then the number of library-specific clusters will be similar to the random assignment made by the computer. We assigned an uniform random number P (0.0 < P < 1.0) to all sequences from K2-K5 libraries and assigned each sequence to a randomized library as follows: range1 = n of sequences of K2/n of all sequences and range2 = n of sequences of K2, K3, and K4/n of all sequences. If (0.0 < P ≤ range1), then the sequence falls in the randomized library K2′; if (range1 < P ≤ range2), then the sequence falls in the randomized library K3′+K4′; and if (range2 < P ≤ 1.0), then the sequence falls in the randomized library K5′ (Table 2 ).
All sequences in libraries K2-K5 that passed quality-control tests were submitted to the DNA Data Bank of Japan and therefore propagated to other public databases (GenBank ® accession nos. BY237236-BY298532 and BY599747-BY660055).
RESULTS AND DISCUSSION
Analysis of the Subtracted Libraries
We performed library subtraction, starting from four primary libraries prepared from developing mouse brain neocortex (postnatal 18-, 24-, 28-, and 50-day stages) and assessed them by determining the titer, average size of the inserts, rate of full-length cDNA, redundancy (by sequencing the 5′ end of the inserts), and isolation of new genes from ESTs, GenBank nucleotides, or RIKEN clones ( Table 1 ). The titer of the subtracted libraries was one order lower than that of control nonsubtracted libraries (data not shown), suggesting that the subtractions efficiently removed approximately 90% of the tester. The 5′ end sequence redundancy of the subtracted libraries was 1.71-1.78 (Table 1) . Furthermore, these subtracted libraries revealed the effective identification of unknown genes (28.7%-33.8%) compared to the RIKEN sequences (Table 1) .
We further resequenced 3′ ends from these libraries, which showed a redundancy of 1.995 after sequencing an average 9297 clones and a novelty rate of 20.3% per cluster (10.2% novel sequences/reaction). This was compared to the most similar normalized/ subtracted cDNA library prepared with a proven method (4), the RIKEN library A8-300 (cortex, 10-day neonate mice), which showed slightly higher redundancy (2.14) but only after sequencing more clones (15, 147) . However, the A8-300 library showed lower novelty rate, 15.5% per cluster (approximately 7.23% novel sequences/reaction). Al- though it is impractical to compare the novelty rate of cDNA libraries that are sequenced at different depths, our data suggest that the new methodology is at least comparable to the proven one (4) for gene discovery. Library manipulations, such as amplification, conversion to single strand, hybridization, HAP chromatography, reconstitution of the double strand, and reinsertion into bacteria, have been invariantly associated with a dramatic decrease in the size of cDNA inserts and representation bias. Previously described normalized and subtracted libraries have relatively short inserts and a low rate of full-length cDNA (5, 16) . In this report, we have identified the experimental conditions by which large, full-length cDNA subtracted libraries can be obtained. Through rigorous testing (data not shown), our protocol has been shown to optimize the following: (i) the large size of bulk plasmid excision; (ii) optimal conversion to single-stranded plasmid library; (iii) full-length driver preparation; (iv) hybridization conditions and reagent treatments that do not degrade long fulllength single-stranded plasmid DNA; (v) avoidance of the binding of long single-stranded plasmid DNA to HAP; (vi) novel purification from phosphate buffer; and (vii) efficient reconstitution of second strand, which is particularly difficult for long ssDNA. The average insert size of the K2-K5 subtracted libraries was 2.7, 2.6, 2.9, and 2.5 kb, which was indistinguishable from the original primary libraries, P18, P24, P28, and P50 (2.7, 2.5, 2.6, and 2.5 kb, respectively) ( Table 1) . Therefore, relevant size by library subtraction bias can be ruled out. Large size was shown to promote gene discovery when using full-length cDNA libraries (6) . Moreover, we confirmed the full-coding rate by alignment with GenBank's mouse complete mRNA sequences (14) . The full-coding rate of the K2-K5 subtracted libraries was 90.63%, 90.56%, 90.73%, and 89.64%, respectively (Table 1), which suggests that the clones of the subtracted libraries retain reasonably high full-length rate, which clearly differs from notably lower full-length rate values (20%-30%) previously obtained with other normalized and subtracted cDNA libraries (16) .
Subtraction Efficiency and Specificity
Clustering analysis of approximately 80,000 sequences from subtracted libraries showed that the number of clusters was low compared to singletons (clusters of clones that appeared only once), indicating the diversity of the subtracted libraries ( Table 2 ). To confirm the subtraction efficiency, we first compared experimental data with computer-randomized data ( Table 2 ). K3 and K4 subtracted libraries were integrated because these libraries were prepared using the same libraries (P18 and P50) as a driver ( Table 1 ). The ratio of K2, K3+K4, and K5 library-specific clusters plus singletons was 55.4%, 66.3%, and 59.1%, respectively. In contrast, the ratio of computer-randomized K2′, K3′+K4′, and K5′ library-specific clusters plus singletons was 46.3%, 58.3%, and 47.5%, respectively.
Since the subtracted libraries contained many singletons, we then compared the subtraction efficiency without calculating the singletons. The ratio of library-specific clusters (without singletons) was 13.8%, 25.7% and 14.2%, respectively. In contrast, the ratio of each randomized library-specific cluster (without singletons) was 4.3%, 11.6%, and 4.4%, respectively, which represents the distribution that we would have obtained if the libraries had the same complexity but no difference ( Figure 2) .
The library specificity of the clusters was significantly higher (up to 3.2-fold) in the subtracted libraries, even for such similar tissues, compared to computer-randomized data. This suggests that among them, 9.5% to 14.1% of the clusters are likely to represent developmental stage-specific clusters, apart from the singletons that appeared in only one condition that accounted for 55% to 66% of the groups. Further analysis is in progress to verify the distribution differences among clusters that appear in more than one library and then to verify the expression sequence variability among clusters of such cDNAs on microarrays. As an alternative to deep sequencing and statistical analysis, one could identify control genes that are known to be overexpressed or underexpressed in the analyzed tissues and per-form semiquantitative RT-PCR on the libraries to verify subtraction. However, this method requires prior knowledge of gene expression and may not be straightforward in genome centers.
A major concern in cDNA library subtraction is the nonspecific removal-related sequences. Although the specificity of HAP at 60°C to retain only specifically hybridized cDNAs has already been demonstrated (5) Library subtraction is a very promising technology because it can be used with small samples for which a satisfactory quantity of mRNA is unavailable for subtraction before cloning. This technology is being used to further collect the remaining very rare fulllength cDNAs derived from 246 cDNA libraries that we prepared previously using nonredundant rearrayed drivers (1). These libraries include many microdissected libraries such as preimplantation embryos (1); for instance, see our UniGene Library 5391 (http: //www.ncbi.nlm.nih.gov/UniGene/ lbrowse.cgi?ORG=Mm), a two-cell stage library, library 12245, a blastocyst library, or other microdissected libraries available on the same page. This technique is also being adapted to normalize small-scale cDNA libraries by self-hybridizing a cDNA library at a 1:1 ratio and can be used in any other project to discover rarely expressed genes from amplified libraries.
